Site-specific immobilization of proteins is a major challenge due to the large number of nucleophilic groups on the surface of polypeptides. Here we present the use of the specificity of the sortase A transpeptidation reaction to covalent and oriented attachment of protein A as a model protein through the short C-terminal linker region on chemically modified silica and graphene oxide (GO) nanoparticles. Two types of nucleophile donor groups (-(glycine) 5 -NH 2 and -CH 2 -CH 2 -NH 2 ) were introduced to the surface of both carriers and successful functionalization were confirmed by FT-IR, TG and XRD analysis. Immobilization of protein A with LPxTG domain was performed with mild conditions providing single step purification and immobilization of the target protein. To address the effects of nucleophile and carrier on the functional properties of the immobilized protein, biological activity tests were conducted by the use of the immobilized preparations in Human Immunoglobulin G (IgG) purification followed by SDS-PAGE analysis. We found that amine nucleophile of ethylenediamine on the surface of GO nanoparticles is more effective than pentaglycine which is widely reported as a good substrate for sortase-mediated ligation.
Introduction
One of the four major classes of macromolecules in organisms is proteins. Each kind of protein has its own unique sequence of amino acids and three-dimensional structure. Therefore, they usually act with high efficiency and high specicity. Regarding these high-valued characteristics, they can be utilized in biotechnological processes both on the laboratory and industrial scales.
1 Despite the great advantages of using proteins in biotechnological processes, they have a high cost of isolation and purication from the reaction media. Immobilization of proteins on a solid support is an efficient way in order to make these processes more cost effective as the immobilized proteins can be easily recovered and used in the continues rounds of the reaction.
2 Protein functions normally depend on immobilization approach which can be classied into ve main groups: adsorption, 3 covalent bonding, 4 entrapment, 5 polymerization 6 and encapsulation. 7 Among them, covalent attachment of proteins on a solid carrier is the most robust approach which is usually preferred when leaching of protein from the support is the main concern. 8, 9 From other point of view, protein immobilization can be categorized in random and oriented/site-directed immobilization. 10 In random immobilization, proteins are bonded through side chain amino groups to the surface of carrier from different sites, thus exposing various orientation of the immobilized protein to the surrounding environment.
11 Therefore, the protein native function can be affected by this unpredictable orientation. Although this non-specic covalent linkage can be used for the cases with relaxed orientation requirements, in the case where homogeneity is needed, these methods may not be suitable for protein immobilization. To bring negative effect of immobilization down, several researches report the use of oriented immobilization of proteins on activated supports.
12
In these methods, proteins are bonded to the functional groups of a carrier from a unique site, providing identical orientation of proteins to environment. In fact, oriented immobilization of proteins via a particular amino acid permits proteins to be arranged in a more controlled style. Furthermore, as the reaction site of protein-carrier linkage is selectable, immobilization has very little or no effect on native functions of the target protein. 13 There are several methodologies to perform oriented immobilization which can be categorized into two main groups.
In the rst approach, a proper sequence is introduced into the structure of target protein e.g. capture protein. The capture part (e.g. cutinase and avidin) fused to target protein, can recognize its motif on carrier. [14] [15] [16] Oriented immobilization by intein is the other example of this category in which intein splits into two part, C-intein and N-intein. One of this two part is fussed to target protein and other one is bonded to carrier. When C-intein and N-intein come together, intein is activated and self-spliced with out-coming intein lead to immobilization of target protein on carrier. 17 The second group of oriented immobilization is based on introducing a single amino acid in a spatial site of the target protein and subsequent process for immobilization of this protein from the selected site.
18-22
For example, Shi and co-workers have reported site directed immobilization of testis-specic protease 50 by introducing azide groups into its structure followed by the use of click chemistry approach for immobilization of the protein on alkyne activated carrier. 20 Staudinger ligation, has been also used for site directed immobilization of ribonuclease S 0 . In this methodology, un-natural azide groups of a genetically modied protein have been used to react with phosphine moieties of a solid carrier. 23 Diels-Alder cycloaddition, thiol-ene additions and oxime reaction are the other approaches that are frequently used for the oriented immobilization of proteins on properly activated supports.
24,25
Chemoenzymatic approach for covalent immobilization is another technique that can be used for site specic conjugation of proteins on solid supports. This methodology is based on utilization of the inherent chemoselectivity of enzymes. In this context, Sortase A (SrtA) is a high selective and well documented example that catalyzes a transpeptidation reaction known as "sortagging". SrtA as a cysteine transpeptidase enzyme (EC 3.4.22.70) naturally located at the plasma membrane and facilitates covalently anchoring a variety of proteins to the cell wall.
26
SrtA recognizes substrates with LPxTG domain and catalyzes the cleavage of the amide bond between the threonine (T) and glycine (G). The rest of protein from glycine till the end of the protein is released in environment and acyl-enzyme intermediate (thioester) is created through cysteine 184 (active site).
27-29
The free carboxyl group of the thioester intermediate then undergoes nucleophilic attack by an amino group of a multiglycine substrate (e.g. pentaglycine in S. aureus) and the enzyme is recycled for the next round of reaction. SrtA has high specicity for LPxTG sequence and the free amino group of the multiglycine substrate. However, it has been well-documented that all natural amino acid residues except Cys and Trp can be used as the amino group donor.
30 Recent studies have shown that SrtA with potent substrate specicity provides a robust and gentle approach for the oriented and covalent immobilization of proteins.
31
In this regard, Raeeszadeh-Sarmazdeh and co-workers have attached GFP and mCherry on the gold surface by sortasemediated immobilization. 32 In other report, a bronectin-binding protein has been immobilized on CM5 chips by this methodology. Immobilization of T-cell adapter protein on agarose beads with the aim of SrtA has also been reported.
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In this research, we took the advantage of ability of S. aureus to oriented immobilization of Protein A (SpA) as a model protein. Silica and graphene nanoparticles aer functionalization with two different linkers were used as solid supports for immobilization of the model protein. Sortase-mediated immobilization also permitted a single step purication and immobilization of protein A. To the best of our knowledge this is the rst report on oriented immobilization of a protein by using SrtA on the surface of silica and graphene nano-sheets. SpA is a virulence factor which is located in S. aureus cell wall and is able to bind Fc immunoglobulins (spatially IgG) of the most of mammalians.
34 Therefore, it can be used for the purication of immunoglobulin or Fc conjugated protein from serum or other proteins. Furthermore, the presence of LPxTG motif in its structure makes it suitable to use as a model protein for the sortase-mediated immobilization on different carriers. in air atmosphere using a STA 503M system from Bahr GmbH, Germany. XRD analysis was carried out 5-80 with step size 2 , time/step: 20 s at room temperature and atmosphere using Xray Diffraction X'Pert PRO MPD, Poland.
Material and methods

Methods
2.2.1. Cloning, expression and purication. Staphylococcus Aureus (ATCC35556D) chromosomal DNA was extracted using Genomic DNA Purication kit by following the manufacturer's instructions. SrtA gene lacking the rst N-terminal 59 amino acid was amplied using primers SRTA3 (ATTGAATTCGAT-TATTTGACTTCTGTAGCTACAAG) as a reverse primer and SRTA2 (ATATTTGCATATGAAACCACATATCGATAATTATC) as a forward primer using genomic DNA as template. All PCR reactions were carried out as an initial denaturation step 2 minute at 95 C, then followed by 35 cycles of 30 s at 95 C, 30 s at 57 C, and 1 min at 72 C that followed by a nal extension step 7 min at 72 C. The PCR products were run on 1% (w/v) agarose gels. It was puried by the QIAquick PCR purication kit by following the manufacturer's instructions. SrtAD59 gene was cloned into the pQE-30 plasmid at SphI and PstI sites. Then the recombinant plasmid was transformed into E. coli DH5a according to Heat Shock method. 35 SrtAD59 enzyme was expressed as it was reported previously by Huang and coworkers 36 except the 20 hours expression time. Bacterial culture was induced by 0.5 mM. SrtAD59 was puried by affinity chromatography as it contains 6X his-tag at its N-terminal. Puried SrtAD59 was dialyzed against sortase reaction buffer and stored at À20
C.
Plasmid pET-26-SpA4 containing just 5 IgG-binding domain of SpA gene, previously cloned and was supplemented from NIGEB collection. The plasmid was transformed into E. coli BL21 DE3 by heat shock methods. It was expressed and puried as the same as SrtAD59 procedure; except that culture media contain 50 mg mL À1 Kanamycin as a selection marker.
Preparation of Fmoc-pentaglycine.
Preparation of Fmoc-pentaglycine was performed according to previously published method.
37 Sodium bicarbonate (200 mL, 1 M) was added to the solution containing 10 mg of pentaglycine in 20 mL water while it was stirring at 4 C. Then 15 mg of Fmoc (Nhydroxysuccinimide ester) was dissolved in 10 mL acetonitrile and gently added to pentaglycine solution at 4 C. The nal solution was allowed to warm to room temperature overnight. Acetonitrile was evaporated in vacuum at 40 C followed by adding excess distilled water to the solution (nal volume of 10 mL). The mixture was extracted with ethyl acetate (2 Â 50 mL) and concentrated in vacuum to yield the nal white powder (58% yield). The product was used for modication of the carriers without further purication.
Chemical modication of silica particles with amine groups (silica-NH 2 ).
To improve efficiency of modication, the surface of silica particles was cleaned as reported previously by Ljungberg and co-workers. 38 The dry silica gel particles (1 g) were dispersed in 50 mL of dry toluene; then 1 mL of N-[3-(trimethoxysilyl)propyl]ethylenediamine and 200 mL Et 3 N were added. The resulting mixture was reuxed under nitrogen atmosphere and vigorous stirring for 4 h. The modied support was collected by ltration and washed thoroughly with THF. Finally the modied particles were dried at 120 C for 8 h. The functionalization of the support was conrmed by IR spectroscopy and TGA-DTA analysis.
Preparation of silica-pentaglycine.
Silica-NH 2 (1 g) was washed twice with 100 mM acetate buffer (pH 4.8) followed by dispersing in 4.6 mL of the same buffer. Then the Fmocprotected pentaglycine (10 mg) in acetonitrile was added to this solution followed by addition of EDC (1 mg) at room temperature. The pH was re-adjusted to 4.8 and the reaction mixture was incubated at room temperature for 4 h.
The resulting silica-(Gly) 5 -Fmoc particles were collected by ltration and washed thoroughly with acetone. Then, the silica-(Gly) 5 -Fmoc particles were added to 100 mL of 20% piperidine and incubated for 30 min. Unprotected silica-pentaglycine particles were ltered and washed twice with distilled water and stored at 4 C.
Chemical modication of GO nanoparticles with ethylenediamine.
Ethylenediamine was added to 2 mL of 10 mM acetate buffer (pH 4.8) in the nal concentration of 1 M. Then 10 mg of GO nanoparticles and EDC (10 mM) were added and stirred for 3 h at room temperature. The resulting product was then washed thoroughly with distilled water and stored at 4 C.
2.2.6. Preparation of GO-pentaglycine nanoparticles. GO-NH 2 (10 mg) was washed twice with 100 mM acetate buffer (pH 4.8), collected with centrifugation at 8000 rpm for 2 min and followed by dispersing in 2 mL of the same buffer. Then the Fmoc-protected pentaglycine (10 mg) in acetonitrile and EDC (1 mg) were added to this solution at room temperature. The pH was adjusted to 4.8 and the reaction mixture was incubated at room temperature for 4 h. The resulting GO-(Gly) 5 -Fmoc nanoparticles were collected by ltration and washed thoroughly with water and acetone. Then, the GO-(Gly) 5 -Fmoc nanoparticles were added to 10 mL of 20% piperidine and incubated for 30 min. Unprotected GO-(Gly) 5 nanoparticles were ltered and washed twice with distilled water and stored at 4 C.
2.2.7.
Immobilization of protein A on the modied supports. SpA in crude and puried forms were immobilized on 30 mg modied silica particles (silica-NH 2 and silica-(Gly) 5 ) and 10 mg of modied GO nanoparticles (GO-NH 2 and GO-(Gly) 5 ) by using SrtAD59 (100 mL of crude form), in reaction buffer (670 mL, 150 mM NaCl, 50 mM Tris-HCl, 5 mM, CaCl 2 , pH 8.2) for 4 h at 42 C.
Results and discussion
Preparation of modied silica gel
It is well-documented that in the sortase-mediated strategies, the highest performance obtains when the amine nucleophile was bonded to at least one sp 3 carbon atom (-CH 2 -NH 2 ). 28 To provide this condition for sortase-mediated immobilization of SpA, two different functionalization methods were used (Fig. 1) . In the rst approach, the amine group was introduced to the surface of silica by the reaction of hydroxyl group of silica surface and N- [3-(trimethoxysilyl) propyl]ethylenediamine. In this way, the surface of carrier is modied with amine moieties having the needed domain.
In the second approach, the amine functional groups were subjected to further modication with pentaglycine through EDC-based coupling chemistry. To prevent tandem reactions between two molecules of the pentaglycine, at rst, the amine group of pentaglycine was protected with Fmoc and subsequent activation of carboxylic groups of the protected pentaglycine was performed with EDC. The protected N-terminal amine groups of modied silica particles were nally deprotected in the presence of piperidine.
The successful functionalization and modication of silica particles was monitored by FT-IR spectroscopy and thermal gravimetric analysis. The FT-IR spectrum of all chemically modied samples shows 2800-3000 C-H band which is related to the stretching vibration band of -CH 2 bonds in alkyl chains of newly introduced functional groups (Fig. 2) .
The band at 462. could be identied in all derivatives of silica particles.
The presence of functional groups on the surface of silica aer modication was also investigated by TGA. Fig. 3 shows TGA diagram of aminated silica. The result exhibits that the amine-modied carrier is thermally stable up to 250 C. The small weight loss at around 100 C can be attributed to the removing of physically adsorbed water molecules. The large weight loss of around 9%; starting from 250 C, is due to the decomposition of amine moieties from silica surface. The result of TG analysis of silica-(Gly) 5 displays almost a similar pattern with that observed for silica-NH 2 .
In TGA diagram of silica-(Gly) 5 (Fig. 3) , it can be observed a large weight loss of around 4% in the range of 300-600 C associated with removing of the introduced linker from the surface. A small weight loss of 0.1% is also observed for this sample corresponding to water removal from the solid. The immobilized derivative of SpA on silica-(Gly) 5 was also subjected to TG analysis. Lower thermal stability is observed for this derivative compared to both silica-NH 2 and silica-(Gly) 5 . As Fig. 3 shows, a large weight loss of 7% is started from 150 C which can be attributed to removing of the protein molecules and also introduced linker from the surface of carrier.
Preparation of modied GO nanoparticles
In order to have amine functional groups on the surface of graphene oxide and provide -CH 2 -NH 2 domain for sortasemediated immobilization of SpA, two different methodologies were applied (Fig. 4) . Amidation of carboxylic acid groups of graphene oxide by using dimethylamine was the rst approach. This linker as a non-amino acid nucleophile can provide the needed domain to increase the performance of SrtA. Further modication of the introduced amine groups by pentaglycine produced new -CH 2 -NH 2 domain on the surface of graphene oxide. Similar to silica, the EDC based coupling chemistry was used in this approach. FT-IR spectroscopy and TGA/DTA were used to analyze the obtained modied supports in order to conrm the successful functionalization. Fig. 2 displays the FT-IR spectra of GO-NH 2 and GO-(Gly) 5 in which the samples represent almost a similar pattern. In both spectra, an intense peak is observed at 1755-1760 cm À1 which can be ascribed to the presence of carbonyl groups aer chemical modication.
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The weak bands around 1585 cm À1 can be attributed to the bending vibration of remaining O-H and epoxide groups aer modication. The weak vibration bands at around 1475 cm
À1
may be attributed to the skeletal vibration of the graphene sheets. Moreover, an additional intense peak at around 1075 cm À1 corresponds to C-O band.
In addition, newly appeared peaks at 2850-2950 cm À1 belong to the asymmetric and symmetric stretching vibration of CH 2 groups. The intense peaks at around 3400 cm À1 in the spectrum of both samples can be attributed to stretching vibration of O-H and amine groups. Compared with bare graphene nanoparticles, all these bands related with the containing functional groups and proving successful functionalization of the carrier. Modication of graphene surface was also investigated by TGA/DTA. The thermogravimetric curves of graphene oxide and its functionalized forms were depicted in Fig. 5 . The GO nanoparticles exhibit two steps of weight loss at 100 C and 190 C.
An endothermal peak at around 100 C with 11% weight loss should be attributed to the removing of physically adsorbed water. When the temperature reached 190 C it shows an intense exothermic peak with a large weight loss of around 81% in the TGA curve, due to the irreversible removal of oxygencontaining groups and carbon oxidation.
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The aminemodied GO powders show almost similar TGA curve compared to the bare graphene oxide. Two degradation steps are observed for this derivative. Initially, a small endothermic peak with 11% weight loss starting at about 70 C which belongs to the loss of adsorbed water, followed by another endothermic improved thermal stability of GO nanoparticles aer modica-tion with amine groups. Thermal analysis of GO nanoparticles modied with pentaglycine moieties has almost similar pattern compared to that observed for amine-modied GO. The GO-(Gly) 5 is thermally more stable than the un-modied GO and losses weight in three stages. The rst weight loss (8%) is observed at 80 C with the corresponding endothermic peak in DTA curve due to evaporation of interstitial water molecules. The other two endothermic peaks with the large mass loss of 24% are observed at 140-250 C and 300-400 C which are coming from the decomposition of hydroxyl, carboxyl and pentaglycine moieties of the GO surface. The GO particles before and aer functionalization with amine and pentaglycine moieties were also characterized using XRD analysis. The XRD patterns of GO samples give a distinguishable peak centered at 2q ¼ 10.9
, corresponding to the (002) inter-planar spacing of 0.84 nm. 41, 42 As Fig. 6 shows, the XRD prole of GO nanoparticles aer immobilization of protein A is not changed, suggesting that the crystalline structure of the support remained almost unchanged aer protein attachment.
Expression of sortase A D59 and protein A
To produce SrtAD59, the SrtA gene from the Staphylococcus Aureus (ATCC35556D) was cloned into the pQE-30 plasmids. Recombinant expression in Escherichia coli BL21 DE3 cells successfully produced the sortase A lacking 59 N-terminal amino acids which contain His-tag. SrtAD59 was puried by affinity chromatography. The expression and purication of SrtAD59 was conrmed by SDS-PAGE analysis (Fig. 7) . Protein A as a surface protein is originally found in the cell wall of the bacterium S. aureus. SpA has about 42 KDa molecular weight and is encoded by the SpA gene and its regulation is controlled by DNA topology, cellular osmolality, and a twocomponent system called ArlS-ArlR. For the expression and purication of protein A, plasmid pET-26-SpA4 was transformed in E. coli BL21 DE3 followed by purication by affinity chromatography. Expression and purication of SpA was also analyzed by SDS-PAGE (Fig. 7) .
Immobilization of protein A on modied silica and graphene supports
We selected two different compounds as carrier to investigate the performance of SrtA in immobilization process. For this, silica particles with a hydrophilic surface and GO nanoparticles with more hydrophobic nature were used as model carriers. Furthermore, for functionalization and introducing nucleophiles to the surface of these supports two distinct compounds were used both having amine functional group at the end point of their structures. On the other hand, SpA was used as a model protein to immobilize on the surface of the selected carriers. The used protein naturally has LPxTG domain on its structure and was used for immobilization without further modication. The target protein could be immobilized on the carrier directly aer breaking bacterial cell and separation of cell debris of lysis cell solutions. In this way, the immobilization of target protein is performed from threonine of LPxTG motif which means that the target protein is immobilized from C-terminal. 29 However, Williamson and co-workers have reported labeling of Nterminal of proteins that conrm the potential application of SrtA approach to covalent immobilization of proteins via Nterminal. 43 A schematic illustration of C-terminal orientedimmobilization of protein A on modied silica particles using the sortase-mediated technique is shown in Fig. 1 . Immobilization of the target protein on both derivatives of silica was performed at 42 C and pH 8.2. This condition of reaction was applied according to the previous reports on optimum activity of SrtA. 44 The results showed that in both carriers, SrtA is able to simultaneously purify and immobilize SpA from the crude extract aer up to 4 h of incubation. The short immobilization time and using relatively mild condition for immobilization is the other advantage of enzymatic attachment of SpA on the solid carrier which diminishes possibility of protein denaturation during the process. The composition of crude protein before and aer incubation also showed that almost all the SpA is captured from the crude extract by SrtA while non-target proteins are remained in the solution.
In traditional covalent immobilization, to obtain higher protein loading and volumetric activity, the proteins need to be puried before immobilization. Recently with increasing the use of genetic engineering to produce recombinant proteins, a large number of studies have been reported to link protein purication with its immobilization process. 45 Most of them are based on preparation of heterofunctional supports in which one functional group on the support provides initial adsorption of the protein followed by covalent attachment of the adsorbed protein by the other remaining functional groups. The other strategy to couple immobilization with purication is to immobilize proteins on a previously immobilized anti-target protein. Monoclonal or polyclonal antibodies are normally used in this procedure and permits an extremely selective protein immobilization. 45 The results of our study conrm that sortase-mediated ligation as a highly selective immobilization process provides one-step purication and covalent immobilization of proteins for overcoming the problems derived from protein purication (time-consuming, high cost, inactivation, etc.). The used approach also provides site-specic immobilization of proteins on solid surfaces exclusively from the LPxTG domain while the nonspecic covalent attachment procedure targeting nucleophile groups of several amino acids. Nonspecic process, therefore enables immobilization of proteins from many sites of the protein surface in which immobilization reaction at or near the active site can damage the function of the immobilized protein. Up to now several methods and strategies have been reported for site-directed immobilization of proteins mainly based on introducing a sequence tag into the target protein. The use of sortase ligation, however, is recently reported to apply for oriented immobilization to improve functional properties of proteins.
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Another immobilization experiment was set up by the use of puried protein A for determination of immobilization yield on both derivatives. Silica-(Gly) 5 showed higher capacity for protein immobilization by loading 7.8 mg of the puried protein on 1 g of its surface which is 2.7 times higher than the loading capacity of 1 g silica-NH 2 (2.9 mg of protein A). This result is in good agreement with previously published results in sortase-mediated immobilization of proteins in which pentaglycine-conjugated supports has been explained as the most suitable domain to be recognized by SrtA. 47 In fact, observation of maximal activity for pentaglycine is unsurprising since the Gram positive cell wall has naturally pentaglycine bridges for SrtA conjugation.
Immobilization of the crude extract of SpA and its puried form on amine and pentaglycine functionalized derivatives of graphene oxide was also carried out by sortase-mediated approach (Fig. 4) . Both derivatives showed proper capacity in purication of SpA from the crude extract. The leaching experiment showed covalent attachment of the puried protein on the surface of GO-NH 2 and GO-(Gly) 5. Our investigations also showed that opposed to the results obtained from silica, the GO-NH 2 derivative is more efficient compared to GO-(Gly) 5 in sortase-mediated immobilization process by loading 124 mg of SpA on 1 g of this carrier. This is almost 1.4 fold higher than the loading capacity of GO-(Gly) 5 which could immobilize only 89.9 mg of protein A at the same condition. This may be related to more hydrophobic nature of GO-NH 2 compared to GO-(Gly) 5 which can create SrtA microenvironment more similar to the native environment of this enzyme. This observation is also against previous investigations in which pentaglycine has been introduced as the most effective nucleophile for sortase-mediated immobilization.
28,47
The ability to reduce the nucleophile to a non-amino acid one (ethylenediamine) is of value due to elimination of pentaglycine preparation and reduction in the number of processes needed for functionalization of the support, thus decreasing the total cost of immobilization process.
Investigation of the functional properties of the immobilized derivatives
To address the efficiency of the used immobilization strategy and investigate the effect of nucleophile and carrier on the functional properties of the immobilized protein, biological activity test was conducted by the use of the immobilized preparations in Human Immunoglobulin G (IgG) purication followed by SDS-PAGE analysis. SpA reversibly binds to the Fc region of IgG through interaction with the heavy chain of this protein. It should be mentioned that SpA only removes the intact form of IgG from human serum through binding to its Fc region, without changing the structure of IgG. The structure alters when there is an S-S bond breaking agent, such as 2ME or DTT, present in the buffers as like as loading buffer, in which heavy chain and light chain of IgG are separated. Fig. 8 shows the results of SDS-PAGE analysis of IgG purica-tion by the same amounts of silica-NH 2 and silica-(Gly) 5 . The results showed that 30 mg of silica-(Gly) 5 -SpA was able to purify 0.9 mg of IgG, while 0.6 mg of IgG was puried by 30 mg of silica-NH 2 -SpA at the same condition. The higher efficiency of silica-(Gly) 5 compared to silica-NH 2 proves that altering the nucleophile on the surface can change the loading capacity of the support.
The same purication experiment was performed by immobilized derivatives of GO nanoparticles.
As can be seen from Fig. 8 , contrary to the results obtained from silica derivatives, Human IgG purication by immobilized GO preparations shows higher immobilization efficiency for GO-NH 2 compared to GO-(Gly) 5 . While 10 mg of GO-NH 2 -SpA puries 1.7 mg of IgG, GO-(Gly) 5 -SpA could purify 1.1 mg of IgG from the same amount of human serum. This means that the IgG concentration aer purication by GO-NH 2 -SpA is almost 1.5 times more than the puried IgG by using the GO-(Gly) 5 SpA at the same condition. It can be attributed to the higher loading capacity of GO-NH 2 in immobilization process which increases the number of SpA molecules on its surface.
Reusability of the immobilized derivatives
For large-scale applications of an immobilized protein and ensuring the covalent linkage of protein on the solid support, Fig. 9 Reusability of immobilized derivative of silica-(Gly) 5 -SpA after 6 cycles in IgG purification. reusability is crucial in terms of process economy. Therefore, the performance of the selected immobilized derivative of each carrier (GO-NH 2 -SpA and silica-(Gly) 5 -SpA) was examined by their repeatedly use in the purication of IgG from human serum (Fig. 9 ). For this, GO-NH 2 -SpA and silica-(Gly) 5 -SpA were used for six consecutive cycles, with sequential reactions separated by centrifugation and re-suspension.
As can be seen from Fig. 9 for silica-no obvious loss of purication efficiency was observed aer six cycles, further proving covalent binding of SpA on the support. Almost the same results were obtained for GO-NH 2 -SpA in terms of reusability and conrming the covalent attachment of SpA on this support.
Conclusion
We here present the C-terminal oriented attachment of protein A on amine and pentaglycine functionalized silica and GO nanoparticles by using sortase-mediated immobilization strategy. Simple producing SrtA in large amounts makes this method very cost effective. Furthermore, the site-directed coupling allows proteins to be orientated uniformly on carrier surface in such a way that the immobilized proteins retain their functional properties compared to proteins immobilized by random immobilization. The covalent coupling of proteins in this strategy permits for more stringent washing steps compared to proteins adsorbed on a surface with physical adsorption. This method also has the advantage of one step purication and immobilization of the target protein in a mild condition allowing short cuts in protein purication protocols. Our investigations showed that functionalization of silica particles with pentaglycine and subsequent immobilization of SpA on its surface produces immobilized derivative with higher functional properties compared to the derivative obtained from immobilization of SpA on amine-functionalized silica. On the other hand, amine-functionalized GO nanoparticles showed higher efficiency both in immobilization of SpA and purica-tion of IgG from human serum compared to GO-(Gly) 5 .
Comparison of the results obtained from silica derivatives with those obtained from GO nanoparticles clearly conrmed that not only the kind of amine nucleophile on the support but also the type of used carrier can affect the immobilization process thus altering the functional properties of the nal product.
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